Abstract: Nd(TTA) 3 (TPPO) 2 complex (HTTA: 2-thenoyltrifluoroacetone, TPPO: triphenylphosphine oxide) doped SU-8 polymer waveguide amplifiers were demonstrated. The absorption and photoluminescence spectra were observed on a 100-m-thick film of the Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer. Under excitation at 808 nm, the fluorescence was obtained at 904 nm, 1068 nm, and 1346 nm wavelengths. The full-width at half-maximum bandwidth was about 25 nm wide around 1068 nm. Using reactive ion etching technology, optical waveguides were fabricated by taking the Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer and polymethylmethacrylate (PMMA) material as the core and cladding layers, respectively. According to fundamental rate equations and optical power propagation equations, the gain characteristic of the polymer waveguide amplifier was simulated to be 5.1 dB/cm. An experimental setup for the optical gain measurement was established. A relative optical gain of about 2.4 dB/cm at 1064 nm was obtained in a 20-mm-long multimode waveguide for an input signal power value of 0.1 mW and pump power of 140 mW.
Introduction
Rare earth-doped polymer optical waveguide amplifiers (RDWAs) have received increasing attention over the past few years due to their low cost, simple processing methods, compatibility with the silicon substrate, and potential applications in integrated optical systems [1] - [7] . They can be integrated with other photonic devices, such as switches, couplers, etc., for compensating the losses of these devices. Especially, neodymium and erbium are of great interest in the rare earths elements [8] - [13] , because they emit around 1060 nm, 1330 nm for Nd 3þ ions and 1535 nm for Er 3þ ions, which correspond to the second and third window of optical communication systems, respectively. However, few successful neodymium-doped polymer optical waveguide amplifiers have been reported [14] - [16] . In [15] , a gain of 1.6 dB/cm at 1060 nm was obtained in a multimode polyimide waveguide doped with NdCl 3 Á 6H 2 O molecules. In [8] , LaF 3 : Nd nanoparticles doped PMMA channel waveguides were demonstrated with a net optical gain of 0.1 dB/cm at 1319 nm. In [16] , gains of 2.0 dB/cm and 5.7 dB/cm at 873 nm and 1064 nm were reported in Nd(TTA) 3 Phen doped fluorinated 6-FDA/UVR polymer waveguides.
Many factors, such as insolubility of Nd 3þ ions in polymers, vibration quenching of C-H and O-H bonds, and losses of transmission and absorption, have significant impacts on the gain of the waveguide amplifier. Recent research showed $10.4 dB optical gain can be obtained on Erbium-doped polymer optical waveguide amplifier (EDWA) [17] . This is a great encouragement for the study of Neodymium-doped polymer optical waveguide amplifier (NDWA). Seven years ago, a Nd 3þ -complex, Nd(TTA) 3 ðTPPOÞ 2 (HTTA: 2-thenoyltrifluoroacetone, TPPO: triphenylphosphine oxide) was demonstrated to be a kind of potential luminescent material [18] , [19] . The simulated emission cross-section of the emission band at 1060 nm was 2:75 Â 10 À20 cm 2 , which is higher among Nd (III) complex doped organic systems [18] . In this work, Nd(TTA) 3 (TPPO) 2 complex was doped in photodefinable epoxy SU-8 polymer. The fluorine ligands (HTTA) could decrease the luminescence quenching owing to high-energy vibrations from C-H and O-H bonds [9] . Phosphine oxide ligands (TPPO) were selected because they can produce antisymmetrical structures that promote faster radiation rates and prevent coordination of water or solvent molecules [8] , [20] . The absorption and photoluminescence spectra were observed on a 100 m-thick film. The relationship between the gain and concentration of Nd 3þ ions was calculated by using the fundamental rate equations and power propagation equations. The optical channel waveguides were fabricated by using the Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer as the core material. A relative optical gain of about 2.4 dB/cm at 1064 nm was achieved in a 20-mm-long multimode waveguide.
Experimental Details

Preparation of Nd(TTA) 3 (TPPO) 2 Complex in SU-8
A neodymium complex, Nd(TTA) 3 (TPPO) 2 was synthesized according to the previous reference [18] . SU-8 polymer was used as the polymeric host. To prepare Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer, 0.063 g Nd(TTA) 3 (TPPO) 2 was dissolved into 1 ml dimethylformamide. The solution was ultrasonically agitated for 3 h and then was mixed into 2 ml SU-8 polymer. The concentration of Nd 3þ ions in SU-8 polymer was about 5:86 Â 10 19 cm À3 , that is the maximum amount of dopant concentrations in the premise of ensuring good film-forming conditions. The compound solution was heated at 90 C in vacuum oven for 24 h. Finally, a small transparent film with a 100 m thick was obtained.
Spectroscopic Characterization
The absorption spectrum of Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer film taken by a Cary 500 Scan UV-VIS-NIR spectrophotometer is shown in Fig. 1 . The spectrum consisted of five absorption bands, including 526 nm, 582 nm, 752 nm, 802 nm, and 870 nm, which corresponded to the transitions from the ground state 4 I 9=2 to the excited states I 13=2 , respectively. The full width at half maximum (FDHM) was nearly 25 nm for the peak at 1068 nm wavelength.
Waveguide Fabrication
A waveguide device with rectangular core cross-section structure on silicon substrate was designed. In the device, the Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer and polymethylmethacrylate (PMMA) were used as the core and cladding materials. The refractive indices of the core and cladding were 1.586 and 1.483, as measured with WVASE32 at 1064 nm wavelength, respectively. The fabrication procedure was as follows: firstly, the PMMA of 3 m thick was first spin-coated onto a Si substrate to form the bottom cladding layer, followed by thermal annealing at 120 C for 3 h to remove the solvent. Then, a 4 m thickness Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer, as the core layer, was spin-coated on the PMMA cladding and also required thermal annealing. Secondly, a aluminum film of 50 nm thickness, which was taken to be a dry etching mask, was deposited onto the core layer surface by magnetron sputtering. Thirdly, a group of 4 m height and 6 m width were fabricated in the core layer by standard photolithography and reactive ion etching technology. Finally, a 4 m-thick PMMA was used as the top cladding and cured at 120 C for 3 h. Fig. 3 indicated the cross section of Nd (TTA) 3 (TPPO) 2 complex doped SU-8 polymer waveguide and SEM micrograph of the rectangular waveguide without top cladding.
Experimental Setup
An experimental setup for the optical gain measurement was established, as shown in Fig. 4 . Relative gain of the waveguide amplifiers was carried out by using a 1064 nm laser as the signal source and a 808 nm continuous wave laser diode as the pump source. For efficient coupling the 808 nm pump beam and the 1064 nm signal beam into the waveguide input, a 808 nm/1064 nm wavelength-division multiplexing fiber coupler was special fabricated in this experiment. Compared with microscope objectives, which were usually utilized to couple pump and signal beams in previous reports [9] , [10] , [15] , it does not need complicate optical adjustment operations, but coupling efficiency is greatly improved for the 4 m Â 6 m cross section of waveguide. The output signal from the waveguide was coupled to an optical spectrum analyzer (ADVANTEST Q8344A).
Results
Theoretical Result
The relationship between gain characteristic and material parameters, such as Nd 3þ ions concentration, metastable state lifetime, and signal absorption cross-section were simulated. The Judd-Ofelt theory [21] , [22] was used to analyze the absorption spectrum to obtain the radiative lifetime of the state 4 F 3=2 , absorption and emission cross-section parameters. The overlapping integral factors À p; À s; depend on the optical field distribution of the pump and signal lasers, can be calculated according to the Marcatili theory. Assuming the Nd 3þ ions doped in polymer was uniform, the overlapping factors À p; À s can be expressed as À p;s¼ R R A É p;s ðx ; y Þdxdy , where A was the area of the waveguide's cross section, and we chose 4 m Â 6 m as the waveguide core dimension. The É p;s ðx ; y Þ is the normalized function of pump and signal intensity distribution [23] . According to above-mentioned parameters, as shown in Table 1 , which were all acquired in our experimental spectra and calculations, the gain characteristic of Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer waveguide amplifier can be simulated by using fundamental rate equations and power propagation equations [9] , [10] . Fig. 5 showed the gain as a function of pump power at 808 nm for different concentrations of Nd 3þ ions. The gain increased with the increasing concentration of Nd 3þ ions. When the pump power was 200 mW, the gain increased from 2.6 dB/cm to 6.0 dB/cm as the concentration of Nd 3þ ions varies from 2:9 Â 10 19 cm À3 to 6:9 Â 10 19 cm À3 . Therefore, it was important to improve the concentration of Nd 3þ to get higher gain. According to the concentration of Nd 3þ ions ð5:86 Â 10 19 cm À3 Þ which can be achieved by experimentation, the calculated optical gain of 5.1 dB/cm can be obtained at 1064 nm for an input signal power of 0.1 mW and pump power of 200 mW. Taking into account the various types of losses, such as transmission and absorption losses of material, insertion losses and coupling losses, the actual experiment results of the gain should be smaller than the theoretical results.
Experimental Result
Using the cut-back method, the waveguide propagation loss was measured to be 1.9 dB/cm. The relative gain is defined as 10 log10 (Pp+s/Ps), where Pp+s and Ps are the output signal powers as measured by the OSA with and without pump power coupled to the waveguides, respectively [11] , [15] . Fig. 6 displayed the relative gain as a function of pump power at 808 nm with different input signal powers in a 20-mm-long multimode waveguide. The gain almost increased linearly when the pump power increased from 30 mW to 140 mW and then decreased when the pump power continued increasing. When the input signal power was 0.1 mW and the pump power was 140 mW, a maximum gain of about 2.4 dB/cm at 1064 nm was observed, followed by gain saturation. For the fixed pump power, a higher value of gain can be obtained when the input signal power was smaller. When the signal power was higher than 0.8 mW, the value of gain increased slightly and nonlinearly. The reason could be attribute to many factors, such as small signal gain, depletion of upper energy levels of Nd 3þ , upconversion effects, the propagation loss, and the inferior thermal stability of polymer.
Conclusion
In summary, Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer waveguide amplifier was demonstrated. The absorption and PL spectra of Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer have been measured. The FWHM was about 25 nm at 1068 nm wavelength. Using the fundamental rate equations and power propagation equations, the optical gain was simulated in a 3-mm-long waveguide. The optical polymer waveguides were fabricated by using Nd(TTA) 3 (TPPO) 2 complex doped SU-8 polymer as the core layer and PMMA as the cladding layer. The experimental setup for the optical gain measurement was established. When the input signal power was 0.1 mW and the pump power was 140 mW, an optical gain of about 2.4 dB/cm at 1064 nm wavelength was obtained in a 20-mm-long multimode waveguide. Our results show that the Nd (TTA) 3 (TPPO) 2 complex doped SU-8 polymer is a promising candidate for the amplifiers operation at 1064 nm wavelength. The optical gains at 904 nm and 1346 nm can be expected in future work.
